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(g) A method for automatically controlling growing a 
single crystal neck portion by the CZ method, com- 
prising the steps of pulling up a seed crystal (30) at 
2 mm/min. for five minutes so as to grow a single 
crystal 32; next measuring a diameter of the lower 
end of the crystal; modifying an electric power for 
heating a melt based on the difference between the 
measured diameter and a reference value; waiting 
for five minutes; keeping the electric power constant 
for 10 minutes with controlling the pulling up speed 
so as to approach the diameter of the crystal to the 
reference value and with measuring the pulling up 
speed repeatedly; and next modifying the power 
based on the difference between the mean speed 
and a reference value. The last two steps are re- 
peated alternatively. 
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BACKGROUND OF THE INVENTION 

The present invention relates to a method of 
automatically controlling the growth of a neck por- 
tion between a seed crystal and a corn portion of a 
single crystal, which is applicable to an apparatus 
for growing a single crystal by the Czochralski 
method. 

In apparatus for growing a single crystal by the 
CZ method, there is an established method of 
automatic control which is applicable only to those 
cylindrical sections of the grown single crystal that 
are grown after a corn section. The growth of the 
neck portion of the single crystal, however, which is 
grown since the initiation of the growth of the 
crystal until the growth of a corn section, Is con- 
trolled manually by a skilled operator. This is be- 
cause there are elaborate control requirements to 
expel dislocations from the crystal surface in the 
neck portion. For example, in the neck portion the 
diameter of the grown crystal should be reduced to 
a value of about 2-5 mm; the crystal should be 
pulled up at a relatively high speed of not lower 
than 2 mm/min.; the absolute value of the diameter 
deviaton should be controlled to be not larger than 
about 0.5 mm and the reduced portion should be 
grown to a length which must be more than 10 
times as large as that diameter. The process of 
growing the crystal into a desired configuration of 
the reduced portion, that has to get free of disloca- 
tions which is to be followed by unusual increase in 
the crystal diameter, is so hard a process that even 
a skilled operator will be able to succeed in such 
process at the rate of as low as 10 %. If the crystal 
diameter is too reduced, then the lower end of the 
crystal can be often disconnected from the melt 
surface with the result that the growth can no 
longer be continued, or if not disconnected the 
reduced diameter portion cannot be strong enough 
to support a cylindrical portion which will normally 
be grown. If. on the contrary, the crystal diameter 
is too thick, then dislocations cannot be expelled 
out sufficiently with the result that the growing 
process cannot proceed to the step of growing the 
corn section. 

SUMMARY OF THE INVENTION 

In view of the above-mentioned problems, an 
object of the present invention is therefore to pro- 
vide a method of automatically controlling the 
growth of a single crystal neck portion by the CZ 
method. 

The neck portion can be grown in the same 
manner as the corn portion or cylindrical portion 
when the crystal diameter is controlled by regulat- 
ing the speed at which the crystal is pulled up, but 
it cannot be so grown when the crystal diameter is 
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controlled by regulating the temperature of a melt. 
This is because the response in the crystal diam- 
eter is significantly lower to the melt temperature 
than to the speed at which the crystal is pulled up 

5 and, hence, the diameter deviation would exceed 
an allowable value in the reduced-diameter portion 
if the crystal diameter is controlled by regulating 
the melt temperature during the growth of the 
reduced-diameter portion in the same manner as 

10 that in which the corn or cylindrical portion is 
grown. 

To improve the controllability of the neck por- 
tion diameter, however, not only the crystal pull-up 
speed but also the melt temperature should be 

15 involved in the control of the diameter in some 
manner, since the crystal diameter is largely de- 
pendent on both of the melt temperature and the 
crystal pull-up speed. 

In accordance with the present invention, the 

20 above object is achieved by involving the melt 
temperature in a moderate manner in the following 
diameter control methods: 

(1) A method of automatic control of growing a 
single crystal neck portion between a seed cry- 

25 stal and a corn portion of the single crystal by 
the CZ method, comprising the steps of: 

(1 10. 112) pulling up the seed crystal (30) at 
a constant speed for a period of time so as to 
grow the single crystal (32), said crystal contact- 

30 ing with the surface (225) of a melt (22) con- 
tained in a crucible (1 6); 

(1 1 3) measuring a diameter of the lower end 
of said single crystal after said period has 
elapsed; and 

35 (114) modifying an electric power supplied 

to a heater (18) for heating said melt based on 
the difference between the measured diameter 
and a reference value. 

(2) A method of automatic control of growing a 
40 single crystal neck portion between a seed cry- 
stal and a corn portion of the single crystal by 
the CZ method, comprising alternately repeated 
steps of: 

maintaining constant, for a period of time, 
45 an electric power supplied to a heater for heat- 
ing a melt contained in a crucible; 

controlling a pulling up speed of the single 
crystal growing from said melt such that a diam- 
eter of the lower end of the single crystal will 
50 approach a reference value during said period; 

measuring said speed repeatedly during 
said period (118 - 124); and 

modifying said power supply based on the 
difference between the mean value of said 
55 speed and a reference value after said period 
(126- 130), 

It is possible to improve the success rate of the 
automatic neck-section control by carrying out the 

2 
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method (2) after the method (1). 

In such a case, the method (2) can be started 
immediately after the method (1) has been com- 
pleted since, at the moment the method (1) is 
completed, a throttled section of reduced diameter 
is not yet reached. With a preset time period of 
e.g. 5 minutes being Interposed between the meth- 
ods (1) and (2), the melt temperature can be stabi- 
lized by the modification made to the power supply 
to the heater so that the method (2) can be carried 
out more effectively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

An embodiment of the present invention will 
now be described with reference to the accom- 
panying drawings, in which: 

Fig. 1 is a block diagram showing the arrange- 
ment of the principal parts of an automatic ap- 
paratus for growing a single crystal neck sec- 
tion; 

Figs. 2A - 2C are flow charts showing the se- 
quence of control for growing the neck section 
using a microcomputer 58; 
Rg. 3 is a graph showing an example of an 
input-to-output relation of a diameter setting unit 
42; and 

Rg. 4 is a graph of data taken by implementing 
the embodiment, showing the change of the pull 
up speed V, crystal diameter D and melt surface 
temperature T. versus the elapsed time t since 
the moment the pulling up of the single crystal 
was started. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENT 

Fig. 1 shows the principal parts of an automatic 
apparatus for growing a single crystal neck section 
to which the method according to the present in- 
vention is applied. 

On a table 12 which is fixed to the top of a 
shaft 10, there is mounted a graphite crucible 14 in 
which a quartz crucible 16 is fitted. The graphite 
crucible 14 is surrounded by a heater 18 which in 
turn is surrounded by a heat insulator of graphite 
20. A piece of polycrystalline silicon is put in the 
quartz crucible 16, and electric power is supplied 
to the heater so as to melt the polycrystalline 
silicon into a melt 22. 

A seed crystal 30 is attached via a seed holder 
28 to the lower end of a wire 26 which can be 
moved up and down by a motor 24 which is 
located above the melt 22. The seed crystal 30 is 
positioned such that its lower end comes into con- 
tact with the molten surface 225 of the melt 22 and 
is then pulled up. whereby a silicon single crystal 
32 is grown on the free end of the seed crystal 30. 



The growth of the silicon single crystal 32 is caus- 
ed to occur within a chamber 34 which is purged of 
air by argon gas. 

To take a measurement of the diameter D of 

6 the lower end of the silicon single crystal 32, a 
CCD camera 38, with its optica! axis directed to- 
ward the center of the melt surface 228, is placed 
above a window 36 which is provided at a shoulder 
of the chamber 34. A video signal output from the 

10 CCD camera 38 is provided to a diameter measur- 
ing unit 40 which determines, by picture process- 
ing, the diameter D of a brilliant annulus formed at 
the interface between the silicon single crystal 32 
and the melt surface 22S, i.e. the lower end diam- 

75 eter D of the silicon single crystal 32. Since the 
diameter of the silicon single crystal 32 is reduced 
at its throttled section, the CCD camera 38 has a 
high magnification so as to have a high precision of 
measurement, such that one scanning line width 

20 corresponds to an actual dimension of e.g. 0.05 
mm. 

With respect to the crystal diameter D, a target 
value Do is stored as a function of the length L of 
the silicon single crystal 32 in a diameter setting 

25 unit 42 which is constituted by a memory. The 
relation between the crystal length L and the target 
diameter Do is e.g. one which is shown in Fig. 3. 
The crystal length L is derived from an up-down 
counter 46 which counts the number of pulses 

30 output from a rotary encoder 44 whose axis of 
rotation is connected to the drive shaft of the motor 
24, The count of the up-down counter 46 is cleared 
when the seed crystal 30 is at its upper limit 
position or has come into contact with the melt 

35 surface 22S. The contact may be sensed e.g. by 
an arrangement in which a voltage is applied be- 
tween the wire 26 and the shaft 10, an electric 
current flowing through them being detected as an 
indication of the occurrence of the contact. 

40 The apparatus for growing a single crystal is 

arranged to cascade control the pull up speed V of 
the wire 26 in such a manner that the crystal 
diameter D will come nearer to the target value Do. 
Specifically, the crystal diameter D and the 

45 target diameter Do are provided to a PID controller 
48. An output voltage EVo from the PID controller 
48 is provided to a variable speed motor controller 
50 as the target value to be reached by the speed 
of rotation of the motor 24. The output from the 

50 rotary encoder 44 is converted by a frequency-to- 
voitage converter 52 into a voltage EV which is 
proportional to the frequency. The voltage EV is 
provided as a feedback quantity to the variable 
speed motor controller 50. The variable speed mo- 
ss tor controller 50 is normally a PID controller. The 
controller 50 will control the speed of rotation of the 
motor 24. or the pull up speed V of the wire 26. by 
means of an analog changeover switch 54 and a 
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driver 56 such that EV will come nearer to EVo. 
This analog changeover switch 54 is arranged to 
selectively provide to the driver 56 either the output 
from the variable speed motor controller 50 or the 
output from a microcomputer 58. When closed-loop 
control is to be effected to maintain constant the 
speed of rotation of the motor 24, the output from 
the microcomputer 58 is used. 

The crystal diameter D is largely dependent on 
the temperature of the melt 22 but will still more 
quickly respond to the single crystal pulling up 
speed. To control the melt temperature so as to 
adjust the crystal diameter D of the neck section 
having a nallow allowable range of diameter control 
deviation of about ±0.5 mm, an especial manner of 
control is required which is different from those 
applicable to the corn or straight body section of 
the grown single crystal. Thus, the single crystal 
growing apparatus has the following arrangement 
for controlling the power supply to the heater 18 in 
such a manner that the crystal diameter D will 
come nearer to the target value Do- 

Specifically, a two-color pyrometer 62 is pro- 
vided over a window 60 provided at a shoulder of 
the chamber 34, with the optical axis of the pyro- 
meter being directed to the melt surface 22S at a 
point which is somewhat spaced away from the 
center of the melt surface to the left in Rg. 1. An 
output from the two-color pyrometer 62 is provided 
to the microcomputer 58 after being converted into 
a digital form by an analog-to-digital (A/D) con- 
verter 64. The microcomputer 58 calculates a 
quantity of adjustment to the electric power supply 
to the heater 18 for adjusting the power supplied to 
the heater 18 by means of a driver 66, using the 
crystal diameter D from the diameter measuring 
unit 40, the pull up speed V from the rotary en- 
coder 44 (since "V" is inversely proportional to the 
period of the output pulse from the rotary encoder 
44. this period is determined by software to cal- 
culate the speed V) and the melt surface tempera- 
ture T from the A/D converter 64, as will be de- 
scribed later in more detail. 

Next, the sequence of control effected by the 
microcomputer 58 for controlling the growth of a 
single crystal neck section, indicated in Figs. 2A - 
2C, will be described. Individual steps of this se- 
quence are roughly classified into the following 
phases A) - C) which correspond to Figs. 2A - 2C. 
respectively. 

A) CONTROL UNTIL THE START OF PULL UP 
STEP 100: The seed crystal 30 is initially at its 
upper limit position. Then, the melt surface tem- 
perature T is read out from the A/D converter 64 
and electric power is supplied to the heater 18 
via the driver 66 such that the value of the melt 
surface temperature T will come nearer to a 
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preset temperature. This preset temperature is 
the temperature selected to cause the diameter 
of the silicon single crystal 32 to become equal 
to the diameter of the seed crystal 30. e.g. 10 

5 mm, when the seed crystal 30 is pulled up at a 
constant speed of e.g. 2 mm/min., and such 
temperature is empirically determined. 
STEP 102: The analog changeover switch 54 is 
changed over to the position associated with the 

10 microcomputer 58 to turn on the motor 24 to 
lower the wire 26 at a constant speed. The 
motor 24 is turned off just before the lower end 
of the seed crystal 30 comes into contact with 
the melt surface 22S. The stop position of the 

75 seed crystal 30 is determined when the count of 
the up-down counter 46 has reached a preset 
value. 

STEP 104: For preheating the seed crystal 30, a 
predetermined period of time, 7 minutes, for 
20 example, is allowed to elapse. 

STEP 106: The motor 24 is operated to lower 
the seed crystal 30 until the lower end of the 
seed crystal 30 comes into contact with the melt 
22. 

25 STEP 108: For causing the lower end of the 
seed crystal 30 to be in intimate contact with the 
melt surface 228, a predetermined period of 
time, 5 minutes, for example, is allowed to 
elapse. 

30 The foregoing steps 100 - 108 are siiready 

known in the art. 

B) PULL UP AT CONSTANT SPEED 

STEP 110: Subsequently, the motor 24 is again 

35 turned on so as to pull up the seed crystal 30 at 
a constant speed, 2 mm/min., for example. 
STEP 112: A predetermined time period of 5 
minutes, for example, is allowed to elapse for 
seeing whether the temperature of the melt 22 is 

40 suitable or not. 

STEP 113: The motor 24 is turned off and the 
crystal diameter D is read out from the diameter 
measuring unit 40. 

STEP 114: A quantity of adjustment AP to be 
45 applied to the electric power supply to the heat- 
er 18 is calculated dependent on the difference 
between the actual value D and the expected 
value of the crystal diameter. Such expected 
value is, in this embodiment, equivalent to the 
50 output Do from the diameter setting unit 42. The 
electric power supplied to the heater 18 is 
changed from the present value by the cal- 
culated AP. The AP is calculated from e.g. the 
following equation: 

55 

AP = K( D - Do ) (1) 
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STEP 116: A predetermined time period. 5 min- 
utes, for example, is alfowed to elapse so that 
the temperature of the melt 22 can become 
stable. 

C) CONTROL OF THE DIAMETER OF THROT- 5 

TLED SECTION 

STEP 1 1 8: The analog changeover switch 54 is 
changed over to the position associated with the 
variable speed motor controller 50 and the mo- 
tor 24 is turned on so as to PID control the pull io 
up speed of the wire 26. 

STEP 120: To obtain the mean value of the pull 
up speed V over a predetermined time period 
to, 10 minutes, for example, the present value of 
the pull up speed V Is added to the sum S to is 
obtain a new value of the sum S. The initial 
value of the sum S is 0. . 

STEP 122: A comparison is made between the 
values of the crystal length L and U. This "U" 
is for determining the time point the growth of 20 
the neck section is to be terminated, and has a 
value of 150 mm. for example. If L < Lo, then 
control is transferred to the next step 124. 
STEP 124: A comparison is made between the 
values of to and the elapsed time t since the 25 
time the step 118 was made for first time. If t < 
to, then control is returned to step 118. if t ^ to, 
then control is transferred to the next step 126. 
STEP 126: The mean value of the pull up speed 
V. i.e. V = S/N. is derived. This "N" represents 30 
the number of times the series of steps 118 - 
124 has been repeated. 

STEP 128: A comparison is made between the 
values of IV - Vj and AV. This "Vg" represents 
the target value of the pull up speed of the 35 
throttled section and, in the case of Fig. 4. has a 
value of 3.5 mm/min. AV has a value of 0.5 
mm/min., for example. If N - Vj ^ AV, then 
control is transferred to the next step 130. Oth- 
erwise, step 130 is omitted and control is di- 40 
rectly transferred to step 132 so as to render 
moderate the temperature change to reduce the 
diameter control deviation. 
STEP 130: A quantity of adjustment AP to be 
applied to the electric power supply to the heat- 45 
er 18 is calculated dependent on the the value 
of N ' Vj. The electric power supplied to the 
heater 18 is changed from the present value by 
the calculated AP. The equation for this calcula- 
tion may be expressed e.g. as follows: so 

AP = K( V- Vs) (2) 

STEP 132: A value of ti, 10 minutes, for exam- 55 
pie, is added to the value of to so as to obtain a 
new value of to and the sum S is changed into 
0. Control is then returned to the above step 



120. 

When L ^ U is established in step 122, then 
the control of the neck section growth is terminated 
and control of the growth of a corn section is 
initiated. 

In accordance with the foregoing steps of con- 
trol, a neck section can automatically be grown 
with a high success rate. 

Fig. 4 shows the change, occurring as a result 
of the foregoing control sequence, of the crystal 
diameter D, pull up speed V, and melt surface 
temperature T. versus the elapsed time t since the 
moment the pulling up of the single crystal was 
started. In this example, said predetermined time 
period in steps 112 and 116 is set to 5 minutes; 
the target value of the diameter Do versus the 
crystal length L is identical to that of Fig. 3; Vg in 
step 128 has a value of 3.5 mm/min.; AV has a 
value of 0.5 mm/min. 

Control of the growth of a neck section was 
effected 170 times under such conditions, with a 
success rate of about 90 %. This is approximately 
the same as the success rate of manual control by 
a skilled operator. 

Claims 

1, A method of automatic control of growing a 
single crystal neck portion between a seed 
crystal and a corn portion of the single crystal 
by the CZ method, comprising the steps of: 

(110, 112) pulling up the seed crystal (30) 
at a constant speed for a period of time so as 
to grow the single crystal (32), said crystal 
contacting with the surface (22S) of a melt (22) 
contained in a crucible (1 6); 

(113) measuring a diameter of the lower 
end of said single crystal after said period has 
elapsed; and 

(114) modifying an electric power supplied 
to a heater (18) for heating said melt based on 
the difference between the measured diameter 
and a reference value. 

2- A method of automatic control of growing a 
single crystal neck portion between a seed 
crystal and a corn portion of the single crystal 
by the CZ method, comprising alternately re- 
peated steps of: 

maintaining constant, for a period of time, 
an electric power supplied to a heater for heat- 
ing a melt contained in a crucible; 

controlling a pulling up speed of the single 
crystal growing from said melt such that a 
diameter of the lower end of the single crystal 
will approach a reference value during said 
period; 

measuring said speed repeatedly during 
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said period (118 - 124); and 

modifying said power supply based on the 
difference between the mean value of said 
speed and a reference value after said period 
(126- 130). 5 

3. A method of automatic control of growing a 
single crystal neck portion between a seed 
crystal and a corn portion of the single crystal 

by the CZ method, comprising the steps in the io 
claim 1, and the steps in the claim 2 subse- 
quently carried out. 

4. A method of automatic control of growing a 
single crystal neck portion between a seed is 
crystal and a corn portion of the single crystal 

by the CZ method, comprising the steps in the 
cjaim 1 . a step of waiting a period of time with 
stopping pulling up said crystal (1 1 6), and the 
steps in claim 2 subsequently carried out. 20 
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